Toxin co-occurrences were common but toxin peak concentrations were anti-correlated, indicating that water quality monitoring should search for all toxin classes simultaneously.

1. Introduction {#sec1-toxins-10-00283}
===============

Cyanobacteria proliferations are a worldwide consequence of lake eutrophication, with potential public health issues for water management, water production and recreational use such as bathing. Despite constant research efforts for the last 30 years, toxin production and occurrence, i.e., why, when and which species will produce any toxin, alone or in any combination with other toxins, is still insufficiently understood. Cyanobacterial toxins include a wide variety of molecules, such as hepatotoxins (microcystins and nodularins), cytotoxins (cylindrospermopsins), neurotoxins such as anatoxin-a, PSP toxins (Paralytic Shellfish Poisoning) or dermatotoxins such as Lyngbyatoxin, a potent dermatitis agent \[[@B1-toxins-10-00283]\].

According to the World Health Organization handbook \[[@B2-toxins-10-00283]\], microcystins (MCs) are the most studied and monitored toxins. MCs are cyclic heptapeptids comprising more than 200 variants \[[@B3-toxins-10-00283]\], have already been reported from most countries, and are known to be produced by many common taxa in continental waters such as *Microcystis*, *Planktothrix*, *Anabaena*/*Dolichospermum*, etc.

Cylindrospermopsin (CYN) is a hepatotoxic alkaloid first identified in an Australian *Cylindrospermopsis raciborskii* \[[@B4-toxins-10-00283]\], then in tropical or subtropical waters \[[@B5-toxins-10-00283],[@B6-toxins-10-00283],[@B7-toxins-10-00283],[@B8-toxins-10-00283],[@B9-toxins-10-00283]\], and recently also in European lakes in Germany, Italy or France \[[@B10-toxins-10-00283],[@B11-toxins-10-00283],[@B12-toxins-10-00283]\]. CYN and congeners have been reported to be produced by species such as *Aphanizomenon flos-aquae*, *A. ovalisporum* \[[@B13-toxins-10-00283],[@B14-toxins-10-00283]\], *Raphidiopsis curvata* and *R. mediterranea* \[[@B15-toxins-10-00283]\].

Anatoxin-A (ATX) is a neurotoxic alkaloid observed worldwide and associated with many common taxa: *Dolichospermum* (from *Anabaena*) *flos-aquae*, *Aphanizomenon flos-aquae* \[[@B16-toxins-10-00283]\], *Dolichospermum planctonicum* \[[@B17-toxins-10-00283]\], *Cuspidothrix* (from *Aphanizomenon*) *issatchenkoï* \[[@B18-toxins-10-00283]\], *Raphidiopsis mediterranea* \[[@B19-toxins-10-00283]\], and *Microcystis aeruginosa* \[[@B20-toxins-10-00283]\].

PSP toxins are neurotoxic alkaloids produced by freshwater cyanobacteria and marine dinoflagellates with more than 30 identified variants such as saxitoxin, neosaxitoxin, decarbamoylsaxitoxin, gonyautoxins, etc. \[[@B21-toxins-10-00283]\]. Known potential PSP producing species include *Cuspidothrix issatchenkoï* \[[@B22-toxins-10-00283]\], *Cylindrospermopsis raciborskii* and *Raphidiopsis brookii* \[[@B23-toxins-10-00283],[@B24-toxins-10-00283]\], *Aphanizomenon flos-aquae* and *A. gracile* \[[@B25-toxins-10-00283],[@B26-toxins-10-00283],[@B27-toxins-10-00283]\], *Dolichospermum circinalis* \[[@B1-toxins-10-00283]\], *Dolichospermum lemmermannii* \[[@B28-toxins-10-00283]\], or *Microcystis aeruginosa* \[[@B29-toxins-10-00283]\].

The dermatotoxins lyngbyatoxin and aplysiatoxin are contact dermatitis and tumor promoting agents produced by benthic species such as *Lyngbya wollei* or *Lyngbya majuscula* \[[@B30-toxins-10-00283],[@B31-toxins-10-00283]\]. These alkaloids have mainly been reported from marine lagoons and subtropical lakes and are under-documented in other contexts, as benthic species are seldom observed in planktic flora surveys.

Besides microcystins, the other toxin classes are less commonly studied and monitored, and data about their simultaneous occurrence are scarce in the literature, with the exception of studies from Italy \[[@B32-toxins-10-00283]\], Germany \[[@B33-toxins-10-00283]\] or the USA \[[@B34-toxins-10-00283],[@B35-toxins-10-00283]\]. ATX, CYN or PSP toxins can thus be considered as "emerging toxins" either because of a recent spread in resource waters, or because of a recent interest for water managers. These toxin classes are mainly produced by taxa from the order Nostocales, i.e., *Dolichospermum*, *Aphanizomenon*, *Cuspidothrix*, *Cylindrospermopsis*, *Raphidiopsis*, etc.

In continental Europe, Nostocales species composition associates autochthonous taxa (*Dolichospermum flos-aquae*, *Aphanizomenon flos-aquae*, and *Aphanizomenon gracile*) with new, invasive species such as *Cylindrospermopsis raciborskii*, *Anabaena bergii* or *Sphaerospermopsis aphanizomenoides* \[[@B36-toxins-10-00283]\]. Various factors have been proposed to explain these invasive species extension, such as transport by migrating birds \[[@B37-toxins-10-00283]\], conjugated with climate change, namely the increase of spring temperature and solar radiation fluxes \[[@B38-toxins-10-00283],[@B39-toxins-10-00283],[@B40-toxins-10-00283],[@B41-toxins-10-00283]\]. Although these invasive species do not appear to be the main CYN producers, dedicated studies have shown CYN to become as frequently detected as MCs in German lakes in the recent years \[[@B10-toxins-10-00283],[@B36-toxins-10-00283]\].

In the French regulatory context, MCs are routinely monitored in resource or bathing waters since 2003, whereas CYN, ATX and PSP toxins are only optionally analyzed since 2013. All toxin classes have, however, already been detected individually: ATX \[[@B42-toxins-10-00283],[@B43-toxins-10-00283]\], CYN \[[@B12-toxins-10-00283]\], and PSP \[[@B27-toxins-10-00283]\] are known to occur in French lakes and rivers but large-scale exploration has never been performed. In this context, this work is an inventory of cyanobacteria with a particular focus on Nostocales and associated toxin classes (MCs, ATX, CYN and PSP), conducted from 2007 to 2010 in 10 freshwater lakes in France. These lakes are used as resources for drinking water production.

2. Results {#sec2-toxins-10-00283}
==========

The results presented below were obtained from 10 reservoirs and their associated pre-dams sampled monthly between June and October in 2007, 2008 and 2010. A total of 192 samples were collected, of which 98% contained cyanobacteria, and 70% at least one toxin class.

2.1. Cyanobacteria {#sec2dot1-toxins-10-00283}
------------------

Cyanobacteria were observed with relatively low cell densities ([Figure 1](#toxins-10-00283-f001){ref-type="fig"}): 12% of samples were below 1000 cell/mL, whereas 41% of samples were higher than 20,000 cell/mL, i.e., WHO alert level 2, and 24% were higher than 100,000 cell/mL, i.e., WHO alert level 3. The highest peak cell density reached 3,320,500 cell/mL in 2007.

The order Chroococcales was the most common order every year, and appeared in 88% of all samples with 18 different taxa. Species from the genera *Aphanothece*, *Snowella*, *Microcystis* (*M. aeruginosa*) or *Worochininia* (*W. compacta*) could be observed in 33--45% of samples. The highest Chroococcales biomass, i.e., 234 mm^3^/L, was attributed to a sample dominated by *Microcystis viridis* reaching 1,308,200 cell/mL in 2010 in lake No. 7.

Oscillatoriales, observed in 85% of samples, were the second most frequent order. Species composition was dominated by *Planktothrix agardhii*, in 62% of samples, and *Phormidium splendidum*, in 37% of samples; 10 other taxa were recorded with low cell densities in less than 14% of samples. The maximal Oscillatoriales biomass, 63 mm^3^/L, was observed in a sample dominated by *P. agardhii* with 1,550,500 cell/mL in 2010 in lake No. 8.

The order Nostocales was observed in 65% of samples with 17 taxa. The most common species were *Cuspidothrix issatschenkoï* and *Aphanizomenon flos-aquae* in 45--47% of samples. Immature Dolichospermum, i.e., without heterocysts and akinetes, were present in 32% of samples, and all other taxa appeared in less than 12% occasions. The peak Nostocales biomass, 504 mm^3^/L, was recorded in a sample dominated by *Dolichospermum flos-aquae* with 3,320,500 cell/mL in 2007 in lake No. 9.

Cyanobacteria distribution is summarized in [Figure 2](#toxins-10-00283-f002){ref-type="fig"}. Most taxa associated with the highest frequencies or cell densities were common species in the French context, such as *Planktothrix agardhii* and *P. rubescens*, *Aphanizomenon flos-aquae*, *Cuspidothrix issatchenkoï*, *Microcystis aeruginosa*, *M. flos-aquae*, *M. viridis*, etc. Some less common species could however be observed, i.e., Nostocales such as *Dolichospermum compactum* and *D. viguieri*, *Sphaerospermopsis eucompacta*, *Anabaenopsis arnoldii*, *Cuspidothrix elenkinii* and *Aphanizomenon schindleri*, in less than 5% of samples and with cell densities lower than 1000 cell/mL. Only one uncommon species, *Raphidiopsis brookii*, could be observed with a significant biomass of 1,824,000 cell/mL and 156 mm^3^/L, in August and September 2010 in lake No. 6.

From 2007 to 2010, 25 known toxin producing species were recorded, with 18 known MCs producers, 9 known ATX producers, 6 known PSP producers and 4 known CYN producers. Some commons species appear to be potential producers for 2--3 toxin classes. The complete known toxin producing species listing is provided in [Table S1](#app1-toxins-10-00283){ref-type="app"}.

Compared to analyzed species composition, potential MCs and ATX producers occurred in 92% and 68% of all samples, vs. 65% and 42%, respectively, for known PSP and CYN producers. In the same time, samples containing no cyanobacteria or no known toxin-producing species accounted for, respectively, 3% and 7% of samples.

Samples hosting one toxin-producing species only accounted for 24% of samples, whereas 60% of samples contained species potentially associated with all four toxin classes. This is explained by the widespread distribution of *Aphanizomenon* sp. and *Microcystis aeruginosa*, suspected to be multiple toxin classes producers. These two species were identified in 37% and 29% of samples while occurring concomitantly with other toxin-producing species.

2.2. Toxin Classes {#sec2dot2-toxins-10-00283}
------------------

First it should be noted that no extracellular toxin could be detected in any analyzed sample, and all exposed results relate to intracellular toxin concentrations.

### 2.2.1. Microcystins {#sec2dot2dot1-toxins-10-00283}

Microcystins (MCs) were detected in 64% of all analyzed samples, with high interannual variability: 45% of samples were positive in 2007 vs. 20% in 2008 and 100% in 2010. This is corroborated by another study dedicated to 26 lakes in western France, including two lakes and three monitoring years in common with the present study \[[@B44-toxins-10-00283]\], showing that 2007 and 2008, similar to 2004 and 2011, had distinctly lower MCs detection frequencies compared to 2006, 2009 or 2010 where detection frequencies were the highest. Maximal detection frequencies were recorded from 20,000 to 100,000 cell/mL (i.e., between WHO alert thresholds 1 and 2) with 83% MCs detections, whereas maximal concentrations were observed above 100,000 cell/mL with 12.5 µg/L ([Table 1](#toxins-10-00283-t001){ref-type="table"}).

Despite this variability, these frequencies are in broad agreement with already published data, i.e., MCs positive detections in 62--91% of samples analyzed in Italy \[[@B32-toxins-10-00283]\], Germany \[[@B33-toxins-10-00283]\] or the USA \[[@B34-toxins-10-00283],[@B35-toxins-10-00283]\]. MCs concentrations, although substantially higher than the other toxin classes, were mostly lower than 1 µg/L for 60% of samples, and higher than 5 µg/L in 6% of samples ([Figure 3](#toxins-10-00283-f003){ref-type="fig"}). The median (0.55 µg/L) and maximal (12.5 µg/L) values appeared distinctively lower than in other studies, especially compared to Germany \[[@B33-toxins-10-00283]\] and the USA \[[@B34-toxins-10-00283],[@B35-toxins-10-00283]\].

The 2007 and 2008 samples were analyzed for eight MC variants: \[Asp3\]MC-RR and -LR, and MC-RR, YR, LR, LA, LW and LF. MC-RR and \[Asp3\]MC-RR, or MC-LR and \[Asp3\]MC-LR were detected in 94% of samples with mean concentrations of 0.4 ± 1.1 and 0.9 ± 1.3 µg/L respectively. MC-LF was detected in 77% of samples (mean: 0.01 ± 0.02 µg/L), and MC-YR in 71% of samples (mean: 0.05 ± 0.09 µg/L). MC-LW and MC-LA were detected in 63% and 45% of samples respectively, with concentrations lower than 0.03 µg/L.

### 2.2.2. Anatoxin-A {#sec2dot2dot2-toxins-10-00283}

Anatoxin-A (ATX) was detected in 35% of all samples which is similar to or higher than in USA studies \[[@B33-toxins-10-00283],[@B35-toxins-10-00283]\] (7%) but lower than in German studies (57%) \[[@B33-toxins-10-00283]\]. Once again, interannual variations were observed: 22% of samples were positive in 2007 and 2008, and 50% in 2010. Most samples (88%) showed ATX concentrations lower than 0.05 µg/L whereas concentrations higher than 0.1 µg/L could be observed in 1% of samples ([Figure 3](#toxins-10-00283-f003){ref-type="fig"}). Detection frequency tended to increase with cell density, and reached 60% above 100,000 cell/mL ([Table 1](#toxins-10-00283-t001){ref-type="table"}). Maximal concentration (0.46 µg/L) appeared distinctly lower than median values reported from Germany \[[@B33-toxins-10-00283]\] and the USA \[[@B34-toxins-10-00283]\]

### 2.2.3. Cylindrospermopsins {#sec2dot2dot3-toxins-10-00283}

Cylindrospermopsins (CYN) were detected in 15% of samples, i.e., 9--11% of samples in 2007--2008 and 19% of samples in 2010, similar to occurrences in the USA \[[@B34-toxins-10-00283]\] and significantly lower than reported from German lakes (83%) \[[@B33-toxins-10-00283]\]. CYN concentrations were always lower than 0.03 µg/L, with 78% of samples lower than 0.01 µg/L ([Figure 3](#toxins-10-00283-f003){ref-type="fig"}). Deoxy-CYN was also investigated but could not be detected in our samples. Maximal detection frequency (17% of samples) was recorded from 20,000 to 100,000 cell/mL, whereas maximal concentrations were observed in samples with cell densities lower than 20,000 cell/mL ([Table 1](#toxins-10-00283-t001){ref-type="table"}).

It must be noted that dissolved CYN could not be observed in any sample. This is distinctly different from already reported observations where high extra-cellular concentrations tend to be the main fraction of total CYN (see \[[@B45-toxins-10-00283]\] and references therein for example).

### 2.2.4. PSP Toxins {#sec2dot2dot4-toxins-10-00283}

PSP were detected in 14% of samples, with 23% of samples in 2007, 11% of samples in 2008 and 10% of samples in 2010 ([Figure 3](#toxins-10-00283-f003){ref-type="fig"}). Once again, this is similar to reported frequencies in the USA \[[@B34-toxins-10-00283]\] and lower than observations from German lakes (69%) \[[@B33-toxins-10-00283]\]. PSP concentrations were mostly (in 73% of samples) lower than 0.005 µg/L, whereas 19% of samples ranged from 0.01 to 0.05 µg/L. Detection frequencies were maximal (i.e., 35% of samples) for cell densities higher than 100,000 cell/mL, whereas similar maximal concentrations could be observed in every cell density class ([Table 1](#toxins-10-00283-t001){ref-type="table"}). The observed PSP congeners were Saxitoxin (STX) in eight samples, ranging from 0.04 to 0.15 µg/L, and Gonyautoxin-5 (GTX-5) in four samples, ranging from 0.03 to 0.08 µg/L. Other congeners were not detected in any sample.

2.3. Toxin Classes Distribution {#sec2dot3-toxins-10-00283}
-------------------------------

Multiple toxin combinations appeared in 40% of all samples, mostly as a two-toxin class combination (27% of samples), whereas three toxins could be detected in 12% of samples and four toxin classes in 1% of samples. At the same time, 35% of samples hosted only one toxin class, mainly MCs. This appears in close agreement with observations in Midwestern USA lakes \[[@B34-toxins-10-00283]\] where multiple toxin combinations were observed in 48% of samples, with two toxin classes in 30% of samples and three toxin classes in 18% of samples.

Toxin combinations tended to increase with cyanobacterial biomass, either expressed as cell density or cell biovolume ([Figure 4](#toxins-10-00283-f004){ref-type="fig"}). Combinations of 3--4 toxin classes could, however, be encountered with a cell density as low as 7605 cell/mL, or a cell volume of 0.59 mm^3^/mL.

Distinct distribution patterns could be observed for the various toxin classes and toxin variants. Microcystin variants, when expressed as percent of total MCs ([Figure 5](#toxins-10-00283-f005){ref-type="fig"}), could be separated into two groups, with either -RR/-\[Asp3\]RR or -LR/\[Asp3\]LR dominated samples. In the -LR-dominated group, MC-YR, LW and LF tended to first increase simultaneously to MC-LR, and then decrease when -LR reached 60% of total MCs. This indicates that MC-positive samples were composed either of (mostly) -RR and -\[Asp3\]RR variants, or of (mostly) -LR and \[Asp3\]LR variants associated with low concentrations of -YR, LW and LF microcystins. Only one of all samples had a nearly equal composition with 54% MC-RR vs. 46% MC-LR.

Similar MCs variant distribution patterns can be observed in the results from the USA \[[@B34-toxins-10-00283]\]. In our case, this distribution can be partly attributed to cyanobacteria species composition: MC-RR was correlated with *Planktothrix* and *Aphanizomenon* biomass (*r*² = 0.47 and 0.43, respectively, *p* \< 0.01), MC-YR and MC-LF correlated with *Microcystis* biomass (*r*² = 0.38 and 0.34, respectively, *p* \< 0.01), and \[Asp3\]MC-LR with *Dolichospermum* biomass (*r*² = 0.36, *p* \< 0.01). MC-LR, on the other hand, could not be correlated with any species group, which is consistent with a possible production by nearly all potentially toxic species observed in the samples. It can thus be hypothesized that MCs variant distribution is a direct consequence of species successional patterns.

Other toxin classes could not be analyzed for enough variants or observed in enough samples to show species-controlled distributions. Paired toxin distribution could, however, be compared for MCs vs. ATX (123 samples), MCs vs. CYN (*n* = 122) and ATX vs. CYN (*n* = 62), whereas quantified PSP were insufficiently numerous to allow for a comparison ([Figure 6](#toxins-10-00283-f006){ref-type="fig"}).

ATX and CYN peaks appeared asymmetrically distributed when compared to total MCs, as peak concentrations were recorded for lower MCs, whereas MCs peaks corresponded with lower ATX or CYN concentrations. Similarly, ATX and CYN concentrations were conversely distributed relatively to each other. Whichever class is considered, no sample hosted simultaneous peaks with two or more toxins. When compared with MCs distribution patterns, this means that any peak sample was composed of either \[Asp3\]MC-RR and MC-RR or \[Asp3\]MC-LR and MC-LR dominated MCs, or ATX, or CYN.

2.4. Measured Environmental Parameters {#sec2dot4-toxins-10-00283}
--------------------------------------

Statistical analyses were unable to show direct relations among environmental parameters, cyanobacteria and toxins. However, some indirect, non-significant relations appeared: Cyanobacteria cell densities or biomasses were higher in unstratified (vs. stratified) or shallower lakes with higher turbidity (i.e., lower Secchi depths), and tended to increase with water temperatures. Microcystin concentrations increased with higher cyanobacterial biomass. Toxin classes number increased with mean water temperatures (in unstratified lakes) or with mean temperatures in the euphotic layer (in stratified lakes), along with cyanobacteria cell densities or biomass.

These results could be expected as previous studies have shown that individual toxin classes production could be related to abiotic parameters such as temperature or light, whereas shallow, unstratified lakes are known to show higher primary production and higher planktonic biomass than deeper, stratified lakes. However, if we assume that toxin concentration in a lake depends on: (1) the biomass of all potentially toxin-producing species; (2) their genotype composition; and (3) the type and amount of toxin each genotype produces, environmental factors can act on all levels. It is unclear then whether the observed toxin distribution is a direct consequence of water temperature, i.e., higher temperatures leading to higher toxin production, or an indirect consequence of site characteristics on cyanobacteria populations, i.e., temperature and planktonic diversity leading to higher probability for any lake to host one or more species producing one or more toxin classes.

3. Conclusions {#sec3-toxins-10-00283}
==============

Regarding cyanobacteria, expected species such as invasive, allochthonous Nostocales remained rarely encountered during the three sampling years. Some uncommon taxa from the genera *Cylindrospermopsis*, *Anabaenopsis*, *Anabaena* or *Aphanizomenon* were observed but remained lower than 1000 cell/mL. With the exception of a *Raphidiopsis brookii* bloom reaching nearly 2,000,000 cell/mL in 2010, all proliferation episodes were related to common taxa in the French context. The relations between water temperatures, lake depth and water stratification indicate that exposure to high cyanobacterial biomass and multiple toxin classes occurring simultaneously are more likely in shallower, unstratified lakes such as smaller artificial lakes devoted to bathing and other recreative activities. This can also be the case in pre-dam lakes, where waters are often eutrophic because of the nutrient load provided by the lake tributaries, whereas temperatures were often 1--2 °C higher than in the main reservoir. In this sense, pre-dams can act as incubators contaminating the main lakes with dense cyanobacteria inoculum.

Regarding toxin classes, microcystins, as expected, were the most common with 64% positive samples and concentrations similar to already observed values in France and ranging from 1 to 10 µg/L. Anatoxin-A was the second most frequent toxin class with 34% positive samples whereas maximum concentration was inferior to 0.5 µg/L. PSP toxins and cylindrospermopsin, on the other hand, appeared fairly uncommon with 14--15% positive samples and maximum concentrations lower than 0.15 and 0.05 µg/L respectively. Toxin concentrations and toxin class frequencies appeared positively related to cyanobacterial biomass and water temperatures. In this sense, the fairly low multiple toxin occurrence frequencies observed in 2007 and 2008 compared to 2010 could be explained by the relatively unstable meteorological conditions encountered during these summers, as for most sites 2007 and 2008 were the coldest summers since 1993.

The results also show that analyzing MC-LR as an indicator of MCs occurrence or total MCs concentration is inadequate, as MCs variants do not appear evenly distributed in samples, with \[Asp3\]MC-LR/MC-LR, YR, LA, and LF anticorrelated with \[Asp3\]MC-RR/MC-RR. Similarly, considering total MCs concentration as indicative of other toxin occurrences is questionable, as peak concentrations for the analyzed toxins were also anticorrelated and simultaneous peaks were never observed.

All our analyses were conducted on concentrated samples and allowed to detect low toxin concentrations. Most present-day toxin monitoring however relies on higher quantification limits, typically 0.2 µg/L for any toxin class in France. If these quantification limits were applied to our results, MCs would have been detected in 59% of samples vs. 64%, ATX in 1% of samples vs. 34%, and PSP or CYN would not have been observed. Regarding toxin detections, in the French context, toxin analysis tends to be concentrated on samples with cell densities higher than WHO alert level 2 (i.e., 100,000 cell/mL). Our results however show that MCs and ATX may appear with significant frequencies and concentrations even in samples with low cell densities, indicating that toxin monitoring should be extended to WHO alert level 1 (i.e., 20,000 cell/mL).

Finally, although invasive cyanobacteria did not appear, all investigated toxin classes could be observed with significant frequencies and low concentrations which then did not represent an acute risk for drinking water production. However, this indicates that survey efforts should not only be directed toward acute toxin concentrations, but should also encompass the consequences of chronic exposure to low cyanobacterial biomass or to cyanobacterial aerosols, such as allergenicity \[[@B46-toxins-10-00283],[@B47-toxins-10-00283],[@B48-toxins-10-00283]\], or to subacute toxin concentrations, such as cytotoxicity \[[@B49-toxins-10-00283],[@B50-toxins-10-00283],[@B51-toxins-10-00283]\].

4. Materials and Methods {#sec4-toxins-10-00283}
========================

4.1. Sites {#sec4dot1-toxins-10-00283}
----------

Sampling campaigns were conducted during the summers 2007, 2008 and 2010 in 10 lakes used as freshwater resources for drinking water production: eight in western France under oceanic climate, one in center-east under semi-continental climate, and one in the south under Mediterranean climate. Lake localization and volumes are summarized in [Figure 7](#toxins-10-00283-f007){ref-type="fig"} and [Table 2](#toxins-10-00283-t002){ref-type="table"}.

4.2. Sampling and Sample Processing {#sec4dot2-toxins-10-00283}
-----------------------------------

During these three years, 192 integrated water samples were collected. All samples were collected monthly from June to October, as French institutional monitoring data show that cyanobacterial proliferations have the highest probability to occur during these months. Secchi depth was measured with a Secchi disk, and samples were collected in the deepest part of the lakes and of their pre-dams with a Van Dorn sampling bottle and integrated within the euphotic depth. On every occasion, vertical profiles for pH, dissolved oxygen, conductivity and temperature were recorded every 50 cm with an YSI 556 MPS multiparameter probe.

On the sampling day, all samples were separated into two batches: a batch for plankton analysis was fixed with alkaline Lugol solution, whereas a batch for toxin analysis was filtered on Sartorius regenerated cellulose (0.45 µm). Filters and filtered water were then frozen separately until further analysis.

### 4.2.1. Species Composition Analysis {#sec4dot2dot1-toxins-10-00283}

All samples were analyzed for species distribution by Limnologie sarl on the day following sampling under a Leica DMLS light microscope with phase contrast using common reference floras \[[@B52-toxins-10-00283],[@B53-toxins-10-00283],[@B54-toxins-10-00283],[@B55-toxins-10-00283],[@B56-toxins-10-00283],[@B57-toxins-10-00283],[@B58-toxins-10-00283],[@B59-toxins-10-00283],[@B60-toxins-10-00283]\]. Results were expressed for all taxa as cell density (cell/mL) and cell biovolume (mm^3^/L) calculated from cell density and mean cell dimensions.

### 4.2.2. Toxin Analysis {#sec4dot2dot2-toxins-10-00283}

Filters were extracted three times with acetonitrile--water--formic acid (80:19.9:0.1), as previously described by Dell'Aversano et al. \[[@B61-toxins-10-00283]\], and the combined supernatants were dried. Frozen filtrates (2 mL) were thawed and acidified with formic acid to a final volume of 0.1% formic acid. Filtrates were then dried by vacuum centrifugation and stored frozen at −20 °C. Prior to analysis extracts were re-dissolved in 500 µL 75% aqueous acetonitrile for analyses of PSPs, 50% aqueous methanol for microcystin analysis, while for analyses of CYN, D-CYN and ATX aliquots were re-dissolved in 0.1% formic acid. In some cases, samples were further concentrated for unequivocal toxin identification.

#### Analysis by LC-MS/MS: MCs

The extracts were separated using a Purospher STAR RP-18 end-capped column (30 × 4 mm, 3 μm particle size, Merck, Darmstadt, Germany) at 30 °C as described by Spoof et al. \[[@B62-toxins-10-00283]\]. The mobile phase consisted of 0.5% formic acid (A) and acetonitrile with 0.5% formic acid (B) at a flow rate of 0.5 mL/min with the following gradient program: 0 min 25% B, 10 min 70% B, 11 min 70% B. The injection volume was 10 μL. Identification and quantification of the MCs (\[Asp3\]-MC-RR, MC-RR, MC-YR, \[Asp3\]-MC-LR, MC-LR, MC-LW, MC-LF, MC-LA, standards purchased at Enzo Life Sciences, Lörrach, Germany) was performed in the MRM (Multiple Reaction Monitoring) mode with the transitions given by Fastner et al. \[[@B63-toxins-10-00283]\].

#### Analysis by LC-MS/MS: CYN, deoxyCYN, ATX

Analyses for CYN, deoxyCYN and ATX were carried out on an Agilent 2900 series HPLC system (Agilent Technologies, Waldbronn, Germany) coupled to a API 5500 QTrap mass spectrometer (AB Sciex, Framingham, MA, USA) equipped with a turbo-ionspray interface. The extracts were separated using a 5 µm Waters Atlantis C18 column (2.1--150 mm) at 30 °C. The HPLC was set to deliver a linear gradient from 1% to 25% MeOH in water, both containing 0.1% formic acid, within 5 min at a flow rate of 0.25 mL min−1. The mass spectrometer was operated in the multiple reaction-monitoring mode (MRM). For the determination of CYN deoxyCYN, and ATX the transitions given in \[[@B63-toxins-10-00283]\] were used. Quantitation of CYN, deoxyCYN and ATX was performed with the most intensive transition. Standard curves were established for all toxins (CYN was obtained from National Research Council, Canada, deoxyCYN from Novakits, Nantes, France, and ATX-a from Tocris, Bristol, UK) and analyzed in a line with the unknowns (one calibration curve after 30 unknowns).

#### Analysis by LC-MS/MS: PSPs

Analyses for paralytic shellfish poisons (PSP) were carried out on an Agilent 1100 series HPLC system (Agilent Technologies, Waldbronn, Germany) coupled to a API 4000 triple quadrupole mass spectrometer (AB Sciex, USA) equipped with a turbo-ionspray interface. The extracts were separated using a 5 µm TSK gel Amide-80, 2 × 250 mm column (Tosoh, Stuttgart, Germany) at 30 °C. The mobile phase consisted of water (A) and acetonitrile-water (95:5, B) both containing 2.0 mM ammonium formate and 3.6 mM formic acid (pH 3.5) at a flow rate of 0.2 mL min^−1^. For the analysis of multiple toxins (cylindrospermopsin, anatoxin-a, paralytic shellfish poisons) the following gradient program was applied: 75% B for 5 min, 75--65% B over 1 min, hold for 13 min, 65--45% over 4 min, hold for 10 min. The mass spectrometer was operated in the multiple reaction monitoring mode for the detection and quantification of the following toxins as described by Dell'Aversano et al. \[[@B61-toxins-10-00283]\]: saxitoxin (STX); neosaxitoxin (NEO); decarbamoylsaxitoxin (dcSTX) and decarbamoylneosaxitoxin (dcNEO); gonyautoxin-1, -2, -3, -4, and -5 (GTX-1, -2, -3, -4, and -5); decarbamoylgonyautoxin (dcGTX-3, -3); and *N*-sulfogonyautoxins-1 and -2 (C1 and C2). Standard curves were established for all the toxins (PSP standards were obtained from National Research Council, Canada) and analyzed in a line with the unknowns (one calibration curve after 20 unknowns).

Limits of quantification (LOQ) for the different toxins at injection of 10 µL sample are as follows: microcystins 0.04--0.5 µg/L depending on congener, CYN 0.01 µg/L, deoxyCYN 0.02 µg/L, ATX 0.02 µg/L and Saxitoxins 0.1--2 µg/L depending on variants. As particulate toxins have been concentrated by filtration between 25 and 300 mL of lake water, LOQs for the particulate toxins were lower than those given above and have been verified for each sample individually based on a signal to noise ratio of 10.

All toxin values ranging from method detection limit (MDL) and method quantification limit (MQL) were considered as unquantified positive detections and accounted for in toxin frequency calculations.

### 4.2.3. Data analysis {#sec4dot2dot3-toxins-10-00283}

All results were statistically analyzed in search of relations among field data, species composition, biomass and toxin concentrations.

Tested variables included: lake maximum depth, Secchi depth, euphotic depth/max depth, surface water temperature, mean euphotic zone temperature, thermal gradients, thermal stratification, air temperature, cumulated rain and solar radiation, cyanobacteria cell densities, and toxin classes concentrations. All data were separated into 3--5 classes and subjected to Kruskal--Wallis ANOVA with XLSTAT v. 2011.1 software (Addinsoft sarl, Paris, France).

The authors want to acknowledge J. Komarek (Institute of Botany, Třeboň, Czech Republic) for his valuable comments and Claudia Wiedner (Institute for Aquatic Ecology and Inland Fisheries, Germany) for her scientific support. Observations and analyses in this paper were initiated and organized by Veolia Research & Innovation and Veolia Water.

The following are available online at <http://www.mdpi.com/2072-6651/10/7/283/s1>, Table S1: Observed cyanobacterial taxa with known or suspected (in parenthesis) potential toxin production.
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toxins-10-00283-t001_Table 1

###### 

Toxin detection frequencies (Det: percent of samples) and maximal concentrations (Max.: µg/L) vs. cyanobacteria cell density classes expressed as WHO alert thresholds. **MCs:** total Microcystins, ATX: Anatoxin-a, CYN: Cylindrospermopsin, STX: Saxitoxins

  Cell Density Classes    MCs          ATX          CYN          STX   
  ----------------------- ----- ------ ----- ------ ----- ------ ----- ------
  \< 20,000 cell/mL       42%   6.7    18%   0.03   8%    0.03   6%    0.05
  20 to 100,000 cell/mL   83%   9.0    47%   0.46   17%   0.01   11%   0.05
  \> 100,000 cell/mL      79%   12.5   60%   0.34   9%    0.02   35%   0.05

toxins-10-00283-t002_Table 2

###### 

Lake volumes. Pre-dams were included in the monitoring program.

  Lake Number   Lake Volume (m^3^)   Pre-Dam
  ------------- -------------------- ---------
  1             5,700,000            \+
  2             204,000              \+
  3             1,335,000            
  4             5,000,000            
  5             14,700,000           
  6             1,100,000            
  7             4,400,000            \+
  8             5,800,000            \+
  9             10,000,000           \+
  10            8,000,000            
